Pathogen exposure has been suggested as one of the factors shaping the myriad 30 of migration strategies observed in nature. Two hypotheses relate migration 31 strategies to pathogen infection: the "avoiding the tropics hypothesis" predicts 32 that pathogen prevalence and transmission increase with decreasing non-33 breeding (wintering) latitude, while the "habitat selection hypothesis" predicts 34 lower pathogen prevalence in marine than in freshwater habitats. We tested 35 these scarcely investigated hypotheses by screening wintering and resident 36 wading shorebirds (Charadriiformes) for avian malaria blood parasites 37 (Plasmodium and Haemoproteus spp.) along a latitudinal gradient in Australia. 38
Introduction 64
Identifying the factors that cause variation in migration strategies across 65 populations and species is a central goal in ecology and evolution (Gunnarsson et temperatures are considered to be harsh for vector survival and malaria parasite 76 development, leading to reduced malaria prevalence (Figuerola 1999 ). This 77 spatial variation in malaria prevalence and transmission is predicted to be an 78 important determinant of life-history traits (Lutz et al. 2015) , including 79 migratory behaviours (Figuerola and Green 2000) . 80
Avian haemosporidians (Plasmodium and related Haemoproteus spp.; 81 henceforth referred to as 'avian malaria') have received increased attention 82 recently as they are globally distributed and can act as selective agents by 83 reducing host fecundity or causing population declines (Lachish et al. 2011 , 84 Palinauskas et al. 2011 , Valkiūnas 2005 . Moreover, molecular techniques allow 85 for tests of geographical structuring in avian malaria phylogenies that can shed 86 light on areas where transmission occurs for migratory species (Hellgren et al. 87 2007, Roos et al. 2015) . However, the interplay between migration strategies and 88 avian malaria prevalence is understudied, primarily owing to a lack of 89 phylogenetically controlled comparative analyses from widespread host groups 90 (Møller and Szép 2011) . 91
Some of the most impressive avian migrations are exhibited by waders 92 (Charadriiformes), with species and populations travelling up to 22,000km on 93 trans-equatorial migrations (Gill et al. 2009 ). Migratory strategies vary 94 dramatically, from species that use both freshwater and saline habitats during 95 the non-breeding season to species that use marine coastlines exclusively 96 (Piersma 1997 (Piersma , 2007 . Wader migrations also vary within species, with some 97 populations wintering in low-latitude tropical areas while others either extend 98 trans-equatorial migrations to more southern latitudes or remain in temperate 99 northern latitudes to winter ("avoiding the tropics"; Nebel 2007 ). This variation 100 in non-breeding habitat and latitude use likely exposes migratory wader 101 populations to different malaria parasite pressures through variation in vector 102 exposure (Piersma 1997 , Yohannes et al. 2009 ). 103
104

Hypothetical impacts of wader migration strategies on malaria parasite risk 105
Several hypotheses are proposed for how parasite pressure might vary across 106 migration strategies (Altizer et al. 2011 , Piersma 1997 ). Based on the dichotomy 107 of wader distributions, Piersma (1997) formulated the "habitat selection 108 hypothesis" to suggest that species using a broader range of habitats (i.e. using 109 freshwater and marine habitats) are exposed to increased risk of parasite 110 infection. Avian malaria parasites are a tractable model to test this hypothesis, as 111 prevalence can vary across habitats due to climatic variation and vector 112 distributions (Loiseau et al. 2013 , Santiago-Alarcon et al. 2012 , Sehgal 2015 . Wetherefore expect marine-restricted waders to have lower malaria prevalence 114 compared to species that use freshwater and marine habitats (henceforth 115 marine+freshwater species). 116
In addition to habitat, the use of different wintering latitudes may 117 influence parasite exposure. It is suggested that migratory waders have reduced 118 parasite infections by using high-latitude breeding sites that remain outside of 119 transmission areas (Piersma 1997) . Malaria parasite development is impacted by 120 temperature (Beier 1998 However, the "avoiding the tropics hypothesis" remains untested due to a lack of 136 sampling from wintering birds across a latitudinal gradient. In contrast, 137 preliminary support for Piersma's "habitat selection hypothesis" was providedby Mendes et al. (2005) , who found significantly higher malaria prevalence in 139 freshwater compared to marine habitats across a narrow latitudinal range in 140 Africa. However, the authors did not distinguish between migrants and year-141 round residents and, more crucially, the authors deemed their data unsuitable 142 for a phylogenetically controlled analysis due to uneven sampling across habitats 143 (Mendes et al. 2005) . Comparative analyses control effects of evolutionary 144 history when testing predictions across species (Pagel 1994) , and using such 145 methods can ensure that differences in avian malaria pressure across habitats 146 are not simply a by-product of shared evolutionary histories (Møller and Szép 147 2011) . 148
Here we test the "habitat selection" and "avoiding the tropics" hypotheses 149 using a global comparative analysis of malaria prevalence in waders. We provide 150 data from the previously unsampled East Asian-Australian Flyway by screening 151 resident and wintering waders for parasite infection along a latitudinal gradient 152 in Australia. We use phylogenetic analysis of parasite infections to identify 153 potential transmission areas under the prediction that infected wintering waders 154 will share lineages with local sedentary shorebirds, supporting the suggestion 155 for non-breeding parasite transmission. We then combine our results with 156 published data to generate a global database of wader malaria prevalence. 157
Focussing on migratory species, we use phylogenetic comparative analyses to 158 test two predictions: i) "habitat selection": predicts marine-restricted migratory 159 species will exhibit lower prevalence than marine+freshwater species; ii) 160 "avoiding the tropics": predicts decreased prevalence with increasing wintering 161 latitude. 162 
Phylogenetic reconstruction 214
We created a molecular wader phylogeny to account for non-independence of 215 species relatedness. We included species in the molecular alignment if they had 216 at least one sequence from the protein coding mitochondrial genes cytochrome 217 oxidase I and cyt-b (see Appendix S2 in Supporting Information for GenBank 218 accession numbers). Sequences were aligned in Genious v5.4 (Drummond et al. 219 2011) and the gene alignments were concatenated into a single alignment with a 220 total length of 3688 bp. We used BEAST version 1.6.1 (Drummond and Rambaut 221 2007) to construct the phylogeny with an uncorrelated lognormal relaxed clock 222 and a Yule prior. We generated two runs of 10 000 000 generations with 223 sampling at every 10 000 generations, and used TRACER version 1.6 (available at 224 http://tree.bio.ed.ac.uk/software/tracer/) to assess convergence. We removed 225 10% burn-in from each run and combined runs using LogCombiner version 1.4.7 226 (Drummond and Rambaut 2007) . The phylogeny included 39 of the 46 species in 227 the final dataset. We grafted the remaining species onto the most appropriate 228 nodes of the final consensus tree as polytomies using the latest phylogenetic 229 information for Charadriiformes (Baker et al. 2007 , Mayr 2011 . As the resulting 230 tree was not ultrametric, equal branch lengths were set using Grafen's method. 231
The wader phylogeny is presented in Appendix S3. 232
We constructed molecular phylogenies from parasite cyt-b sequences 233 recovered in Australian samples using identical protocols to the methods 234 
Results
287
Avian malaria prevalence in Australian waders
We sampled 1125 waders in Australia, 54 of which were from low latitudes (17° 289 -19°S), 212 from mid latitudes (27° -28°S) and 859 from high latitudes (38° -290 40°S; Fig. 1 , Appendix S1). Samples were taken from 19 species, with 15 species 291 sampled as wintering migrants (Appendix S1). We detected 40 malaria infections 292 for a prevalence of 3.56% (including migratory and sedentary species). When 293 sites were grouped by latitude category, there was a trend of higher prevalence 294 in low latitudes (13.0%) compared to mid-and high-latitudes (3.3% and 3.0%, 295 respectively), although sample sizes in low latitudes prevented robust 296 comparisons to detect a latitudinal gradient (either for migrants alone or for the 297 full dataset of migratory + sedentary species) due to inadequate mixing of MCMC 298 chains. Prevalence in marine+freshwater migrants was 3.0% (N=300 individuals; 299 5 species) and 3.9% in marine-restricted migrants (N=665 individuals; 9 300 species), though the vast majority of marine+freshwater individuals were 301 sampled in mid-and high-latitudes where overall prevalence was low (Appendix 302 S1). 303
We recovered 13 malaria cyt-b lineages from 29 sequenced infections 304 ( Fig. A2 ). False 310 positives were unlikely, as none of the sequences matched sequences from our 311 positive controls and seven of the 13 lineages recovered were new records for 312 GenBank and MalAvi. Stained blood smears were available for seven of theinfected birds (representing six lineages), and parasite gametocytes were 314 observed in all seven smears (Table 1) . 315
The four Haemoproteus lineages were all new, and two of these were 316 recovered from both migratory and resident waders in Australian wintering sites 317 (RUDTURN01 and SDLG01; Table 1; Fig. 2) . Lineage SDLG01 was found in both 318 freshwater and marine-restricted migratory species that co-occur at wintering 319 sites (Table 1) . Two sub-genera are currently recognised for Haemoproteus 320
(Haemoproteus and Parahaemoproteus; Valkiūnas 2005), and the four 321
Haemoproteus lineages grouped into a well-supported clade with other non-322
Passerine waterbird lineages (Pelicaniformes and Charadriiformes hosts) in the 323
Parahaemoproteus clade ( Fig. 2; Fig. A1 ). Four of the nine Plasmodium lineages 324 recovered in migratory waders have also been found in Australian resident 325 passerines (Table 1) . In contrast to Haemoproteus, the Plasmodium lineages did 326 not group together and instead were spread across the phylogeny (Fig. A2) . 327
328
Global avian malaria prevalence in migratory waders 329
The global dataset, including Australian samples, comprised of 3727 sedentary 330 and migratory waders from 46 species (Appendix S1). Sampling ranged from 331 latitudes 73°N to 53°S across five continents (North America, South America, 332 Africa, Europe, and Australia). The majority of samples were from migrants, with 333 only 305 samples from sedentary waders (Appendix S1). Among migrants, 1730 334 samples were from wintering birds (27 species; sampled from 53°N to 40°S), 335 1237 from migrating birds (13 species; sampled from 53°N to 38°N) and 416 336 from breeding birds (12 species; sampled from 73°N to 71°N). Global malariaprevalence (including sedentary and migratory waders) was relatively low and 338 variable among species (mean 6.2 ± 1.6%; Appendix S1). (Fig. 4) . Body mass and all other interactions did not significantly 381 influence prevalence or improve model deviance. Results were similar when 382 excluding species with low sample size, although PMCMC values for habitat and the 383 habitat*latitude interaction were marginally non-significant (PMCMC = 0.06 for 384 each effect, Appendix S5). 385
386
Discussion
Using a global dataset that includes the previously unsampled Australian flyway, 388
we present the first evidence that waders "avoiding the tropics" during winter 389 experience a decreased risk of malaria parasite infection. The latitudinal gradient 390 was stronger for marine+freshwater species, suggesting that wintering farther 391 from the tropics may not benefit all populations equally. We also provide 392 comparative evidence that species using both marine and freshwater habitats 393 have higher parasite prevalence than marine-restricted species, supporting 394 Piersma's "habitat selection hypothesis". Migratory populations with different 395 non-breeding distributions may be exposed to different interspecific interactions, 396 a finding that has implications for our understanding of how migration strategies 397 evolve. 398
399
High malaria prevalence in winter: implications for avoiding the tropics 400
Our results show that waders experience higher malaria burdens in winter 401 compared to migration and breeding periods. We also found that migrants are 402 carrying a diversity of parasite lineages, some of which are shared with residents 403 in the wintering range. Indeed, six of the 13 recovered parasite lineages have 404 also been found in Australian resident birds, indicating that these lineages can be 405 actively transmitted on the wintering grounds. Although only seven infected 406 waders had corresponding blood smears, all seven showed parasite gametocytes 407 and were therefore confirmed as true infections that were transmissible to 408 vectors. Our results support the suggestion that long-distance migrants may be 409 for discovering transmission areas, as parasites can be missing from the blood 424 and will not be amplified during PCR. However, our conclusion that winter 425
represents an increased risk of infection does not hinge on distinguishing 426
between recently acquired and re-activated infections. Latent infections cannot 427 be picked up by a vector, and so the fact that active infections are more abundant 428 in winter is good evidence that wintering birds face higher parasite pressures 429 due to an increased chance of infections being passed around the population 430 (Begon et al. 2002) . 431
We also find evidence that increased wintering latitude results in 432 decreased malaria prevalence, supporting our prediction that populations that 433 'avoid the tropics' experience decreased risk of infection. A similar trend was 434 observed for tundra swans in Alaska, with populations that spend more time 435 near the tropics exhibiting increased malaria prevalence (Ramey et al. 2012 ). We 436
propose that shorebird populations wintering farther from the tropics are 437 exposed to fewer disease-carrying vectors, as both vector diversity and the rate 438 of within-vector parasite development are reduced in high latitudes (Loiseau et Despite the low overall prevalence in our dataset, we found that nearly 10% of 509 waders wintering in low latitude sites were infected with malaria across the 510 globe. We propose that malaria in waders may be more common than previously 511 supposed (Greiner et al. 1975) , indicating that these parasites could haveimportant but overlooked biological significance. However, the low overall 513 parasite prevalence in our study raises questions about how important malaria 514 parasites are for shaping migratory patterns in waders. A prevalence of 10% in 515 tropical sites may not be adequate to act as a strong selective pressure and might 516 not outweigh the added benefits of wintering in the tropics, such as the reduced 517 flight distances (Klaassen 1996 , Somveille et al. 2015 . Moreover, we have no 518 conclusive evidence for pathological effects of malaria parasites in shorebirds 519
(but see Mendes et al. 2013) , and it seems likely that any impacts might differ 520 between Plasmodium and Haemoproteus parasites (Valkiūnas 2005 
